ABSTRACT. Alzheimer's disease (AD) is a neurodegenerative disorder, and is the most common type of dementia in the elderly population. Growing evidence indicates that microRNAs (miRNAs) play a crucial role in neuroinflammation associated with AD progression. In this study, we analyzed the expression of microRNA-139 (miR-139) as well as the learning and memory function in AD. We observed that the miR-139 expression was significantly higher in the hippocampus of aged senescence accelerated mouse prone 8 (SAMP8) mice (2.92 ± 0.13) than in the control mice (1.49 ± 0.08). Likewise, the overexpression of miR-139 by means of hippocampal injection impaired the hippocampus-dependent learning and memory formation. In contrast, the downregulation of miR-139 in mice improved learning and memory function in the mice. The level of cannabinoid receptor type 2 (CB2), a potential target gene of miR-139, was inversely correlated with the miR-139 expression in primary hippocampal cells. Furthermore, we demonstrated that miR-139 inversely modulated the responses to proinflammatory stimuli. Together, our findings demonstrate that miR- 139 exerts a pathogenic effect in AD by modulating CB2-meditated neuroinflammatory processes.
INTRODUCTION
Alzheimer's disease (AD) is a chronic neurodegenerative disease and is the most common form of dementia in the world, typically occurring in the seventh decade of life (Burns and Iliffe, 2009; Mendiola-Precoma et al., 2016) . AD is characterized by the loss of intellectual and social skills along with impairment of other cognitive functions. Continuous progressive cell death occurs over the course of the disease (Bekris et al., 2010) . Due to the increasing number of elderly individuals in the population, it is expected that the number of people who are living with AD worldwide will increase to 114 million by 2050 (Querfurth and LaFerla, 2010) . While medication and treatments may temporarily control the symptoms of AD, there is no permanent cure. Therefore, it is important to identify novel therapeutic targets which can effectively slow down or stop the progression of AD.
MicroRNAs (miRNAs) are a novel class of small (18-22 nucleotides long), singlestranded, non-coding RNAs that are essential in the post-transcriptional regulation of gene expression. These RNAs bind to the 3'-untranslated region (3'-UTR) of mRNAs to induce their degradation or translational repression (Abe and Bonini, 2013) . Studies have shown that miRNAs play an important role in proliferation, development, apoptosis, inflammation, and malignant diseases (Kim et al., 2009) . Growing evidence suggests that the dysregulation of miRNAs is a characteristic of various diseases of the central nervous system, including AD (Hébert and De Strooper, 2009 ). Moreover, miRNA-targeted treatment approaches have shown enormous potential in controlling the aggressive pathology of AD (Lee et al., 2012; Banzhaf-Strathmann et al., 2014) .
The aim of this study was to investigate the role of miR-139 in AD. Here, we chose the senescence accelerated mouse prone 8 (SAMP8) strain as an AD mouse model and the senescence-accelerated mouse-resistant 1 (SAMR1) strain as a control (Wang et al., 2016) strain. First, we measured the expression of miR-139 in the SAMP8 (AD model group) and SAMR1 mice (control group). Next, we examined whether miR-139 affects spatial memory, recognition memory, and contextual fear conditioning by performing hippocampal injection of miRNA/anti-miRNA mimics. Our findings demonstrate that miR-139 regulates hippocampusdependent memory formation by directly targeting CB2, suggesting that miR-139 may be a potential target for AD diagnosis and therapy.
MATERIAL AND METHODS

Animals and miRNAs hippocampal injection
The SAMR1 and SAMP8 mouse strains were obtained from our breeding colonies and maintained as inbred strains from the original breeding pairs provided by the Beijing Vital River Laboratory Animal Limited Company (Beijing, China). The mice were maintained at the Animal Centre of Wuxi No. 2 People's Hospital under a 12-h light/12-h dark cycle at 25°C with water and food provided ad libitum. The animal experiments were conducted in accordance with the guidelines of Wuxi No. 2 People's Hospital Animal Ethics Committee. The hippocampal injections were performed as described previously (Wang et al., 2016) . Briefly, 6-month-old mice received injection of 3 mM miRNA mimics (Genephama, Shanghai, China) into the dentate gyrus by use of a dental drill every week. The subsequent animal experiments were performed two months after the injection.
Morris water maze task
This experiment was performed as previously described (Ren et al., 2012) . The spatial learning and memory were investigated using the Morris water maze hidden platform task. The experiment was conducted using 8 consecutive training days (2 training trials per day), in which the time required to escape to the hidden platform was measured. After 8 days of training, the mice were subjected to probe trials on days 1 and 4 post-training. During the probe trials, all the mice were released from the same direction, at which time their movements in the pool were traced for 60 s.
Novel object recognition task
Forty-four mice were individually habituated to an open-field box for 3 days. During the training period, two novel objects were placed in the open field. The mice were allowed to freely explore the area for 5 min. The time spent exploring each object was recorded. After a specific retention interval (1 h and 1, 2, 3, and 4 days), the mice were again placed in the same box, with one of the familiar objects replaced by a new object. The time spent exploring the novel object was expressed as a proportion of the total time spent exploring both the objects.
Contextual fear conditioning task
The procedure used for contextual fear conditioning was similar to that described in a previous study (Jeon et al., 2003) . Briefly, the mice were allowed to explore a novel environment for 3 min, after which time they received a mild electric foot shock (0.5 mA, constant current, 2 s). The percentage of time spent freezing was recorded. Retention tests were conducted 1 h and 1, 3 and 5 days later by reintroducing the mice to the same fearconditioning apparatus chamber and recording the freezing time.
Primary hippocampal cell culture
Primary hippocampal neurons were grown in culture as described previously (Sang et al., 2005) . Briefly, the hippocampi were dissected out from C57BL/6L pups (postnatal day 0 to 1), incubated in oxygenated trypsin for 10 min at 37°C, and then mechanically triturated. Subsequently, the cells were spun down and resuspended in Neurobasal/B27 medium (Invitrogen, San Diego, CA, USA) supplemented with 0.5 mM L-glutamine, penicillin/ streptomycin, and 25 mM glutamate in humidified air at 37°C and 5% CO 2 . One-third to onehalf of the culture medium without glutamate was changed every 2-3 days. For stimulation, the cells were treated with lipopolysaccharide (LPS; 100 ng/mL) (Sigma, St. Louis, MO, USA) and interferon-g (IFNg; 20 ng/mL) (R&D Systems, Wiesbaden, Germany) for 12 h.
Real-time quantitative PCR (RT-PCR)
Total RNA extraction was performed using the Trizol reagent (TaKaRa, Tokyo, Japan) as per the manufacturer's introduction. A total of 10 ng RNA was converted into cDNA using the miScript Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) on an ABI7500 (Life Technologies, Carlsbad, CA, USA). This was followed by RT-PCR detection of the miRNAs using the miScript SYBR-Green PCR Kit (Qiagen) on an ABI7500 (Life Technologies). The relative quantification of miR-139 was calculated using the 2 -DDCt method. The data were normalized using the U6 small nuclear RNA as an internal control and were measured relative to a calibrated sample as the external control.
Western blot assays
The samples were lysed on ice in RIPA buffer (150 mM NaCl, 1% TritonX-100, 5 mM EDTA, 10 mM NaF) supplemented with a protease and phosphatase inhibitor cocktail (Roche). The protein concentration was detected using the BCA Kit (Pierce, IL, USA), and the protein (50 mg) was separated by 10-12% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose (NC) membranes. The blots were then probed with the anti-APP (Sigma) and anti-CB2 antibodies (Sigma); anti-Glyceraldehyde 3-phosphate dehydrogenase GAPDH (Cell Signaling Technology, Boston, USA) was used as a control. The bands were visualized using the ChemiDoc XRS system (Bio-Rad, Hercules, CA, USA) and quantified with the AIDA Image software.
Immunohistochemistry assay
For the immunohistochemistry assay, 4% paraformaldehyde-fixed, paraffin-embedded tissue sections (thickness, 5 mm) were deparaffinized and rehydrated in graded alcohol. The sections were incubated overnight at 4°C with 2 mg/ml rabbit anti-CB2 polyclonal antibody (Abcam, Cambridge MA, USA). Subsequently, the slides were incubated with 2 mg/ml biotinylated goat anti-rabbit IgG (Santa Cruz Biotechnology, Dallas, TX, USA) for 30 min at room temperature, and then for 30 min with streptavidin-horseradish peroxidase (Dako, Glostrup, Denmark). The antigen-antibody reaction was visualized with diaminobenzidine serving as the chromogen.
Plasmid construction and luciferase assays
The 3'-UTR of CB2 was amplified by PCR and inserted into the pMIRGLO luciferase reporter vector (Promega, Madison, WI). For sequence point mutations, sitedirected mutagenesis of potential target sites in the CB2 3'-UTR was performed using a QuikChange site-directed mutagenesis kit (Promega, Madison, WI, USA). For the luciferase reporter assay, the cells were seeded into a 12-well plate and co-transfected with 50 nM miRNA mimic and 400 ng reporter recombinant plasmid using Lipofectamine TM 2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The luciferase activity was measured with a dual luciferase system kit (Promega) 48 h after transfection. The firefly luciferase activity was normalized against the renilla luciferase gene activity.
Cell marker and cytokine quantification
The cells were labeled with fluorochrome-coupled anti-mouse cluster of differentiation 40 (CD40) and intercellular adhesion molecule 1 (ICAM) antibodies (Abcam, Cambridge MA, USA), followed by incubation with streptavidin-fluorochrome coupled secondary reagents. The immunofluorescence of labeled cells was subsequently measured using a FACS Canto II (BD Bioscience, Heidelberg, Germany). The murine interleukin 6 (IL-6) and tumor necrosis factor a (TNF-a) ELISA kits (eBioscience, Hercules, CA, USA) were used to quantify the levels of these cytokines according to the manufacturer's protocol.
Statistical analysis
Data analyses were performed using the SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). The results are reported as means ± standard deviation. The differences between groups were analyzed using either Student t-test or one-way ANOVA. Results with P < 0.05 were considered to be statistically significant.
RESULTS
miR-139 expression is elevated in aged SAMP8 mice
To test the AD model, we quantified the expression of APP in 8-month-old SAMP8 (AD model group) and SAMR1 (control group) mice. Both the APP mRNA (SAMR1 group: 1.00 ± 0.14, SAMP8 group: 1.42 ± 0.08, P < 0.001, Figure 1A ) and protein (SAMR1 group: 1.00 ± 0.19, SAMP8 group: 1.64 ± 0.22, P < 0.001, Figure 1B and C) levels were significantly higher in the SAMP8 mice than in SAMR1 mice, indicating that the age-associated AD model was successfully established by 8 months in SAMP8 mice. Next, we measured the expression levels of miR-139 in SAMP8 and SAMR1 mice. Compared to the SAMR1 mice, the expression of miR-139 was notably up-regulated in 8-month-old SAMP8 mice (SAMR1 group: 1.49 ± 0.08, SAMP8 group: 2.92 ± 0.13, P < 0.001, Figure 1D ). Enhanced miR-139 levels are observed in aged SAMP8 mice. A. The APP mRNA expression levels were determined by qPCR in the hippocampal tissue derived from 8-month-old SAMR1 and SAMP8 mice. B. Western blot analysis of the APP protein level in the hippocampal tissue derived from 8-month-old SAMR1 and SAMP8 mice. C. Quantification of the relative protein levels (APP/GAPDH) using densitometry. D. The expression levels of miR-139 measured by qPCR. Data are reported as means ± SD; *P < 0.05; N = 5. APP, amyloid precursor protein; qPCR, quantitative polymerase chain reaction; SAMR1, senescence-accelerated mouse-resistant 1; SAMP8, senescence accelerated mouse prone 8.
miR-139 impairs the acquisition and retention of spatial memory
To assess whether miR-139 expression exerts effects on learning and memory, we injected miR-139, anti-miR-139, and control miRNA mimics into the dentate gyrus of the SAMP8 and SAMR1 mice (SAMR1 + miR-con, SAMP8 + miR-con, SAMP8 + miR-139, SAMP8 + antimiR-139). Quantitative PCR (qPCR) analysis revealed that the miR-139 levels were remarkably elevated in the SAMP8 + miR-139 group, while being reduced in the SAMP8 + anti-miR-139 group compared to the SAMP8 + miR-con group (SAMR1 + miR-con group: 1.00 ± 0.15, SAMP8 + miR-con group: 1.94 ± 0.22, SAMP8 + miR-139 group: 3.62 ± 0. 30, SAMP8 + anti-miR-139 group: 0.63 ± 0.10, P < 0.001, Figure 2A ). The Morris water maze test revealed that even though all the mice showed lower latency times following training, mice from the SAMP8 + miR-139 group took notably longer to find the platform. In contrast, the SAMP8 + anti-miR-139 group took the least amount of time to find the platform compared to the other groups (4 day: SAMR1 + miR-con group: 22.12 ± 2.96, SAMP8 + miR-con group: 33.54 ± 3.56, SAMP8 + miR-139 group: 43.76 ± 5.26, SAMP8 + anti-miR-139 group: 24.63 ± 4.47, P < 0.001, Figure 2B ). To test the memory retention, each trained group was tested in the probe trials on post-training day 4. During the probe tests, the SAMP8 + miR-139 group showed the lowest success rate in finding the platform, while the success rate of the SAMP8 + anti-miR-139 group was equal to that of the SAMR1 + miR-con group (4 day: SAMR1 + miR-con group: 40.65 ± 3.46, SAMP8 + miR-con group: 32.34 ± 2.91, SAMP8 + miR-139 group: 26.58 ± 2.31, SAMP8 + anti-miR-139 group: 39.54 ± 3.77, P < 0.001, Figure  2C ). There was no significant difference in the swimming speed between the four groups (data not shown).
miR-139 impairs novel object recognition and contextual fear conditioning
To assess visual memory, the novel object recognition task was performed. During training, no significant differences were observed among the four groups with respect to the amount of time spent exploring the two novel objects, indicating that each group exhibited similar levels of motivation and curiosity while exploring new objects ( Figure  2D ). In the retention tests conducted either 1 h or 1-4 day post-training, the SAMP8 + miR-139 group exhibited a much weaker preference for the novel object than the SAMP8 + miR-con group, while the SAMP8 + anti-miR-139 group exhibited a normal preference level (4 day: SAMR1 + miR-con group: 51.65 ± 3.32, SAMP8 + miR-con group: 45.62 ± 4.51, SAMP8 + miR-139 group: 39.74 ± 3.62, SAMP8 + anti-miR-139 group: 49.87 ± 3.43, P < 0.001, Figure 2E ). Results from the contextual fear memory test indicated no significant difference in the immediate freezing among the four groups; however, a remarkable difference was observed in contextual freezing during post-training days 1, 3, and 5. Compared to the SAMP8 + miR-con group, the SAMP8 + miR-139 group showed a reduced contextual freezing rate. However, the contextual freezing rate of the SAMP8 + anti-miR-139 group returned to the normal level (5 day: SAMR1 + miR-con group: 30.77 ± 2.90, SAMP8 + miR-con group: 20.73 ± 1.01, SAMP8 + miR-139 group: 10.88 ± 1.93, SAMP8 + anti-miR-139 group: 29.74 ± 2.44, P < 0.001, Figure 2F ).
miR-139 regulates CB2 expression by binding to its 3'-UTR
To identify molecular targets of miR-139, we used the TargetScan website (www. targetscan.org) to search for putative genetic targets of miR-139 and identified CB2 as a potential target.
Immunohistochemistry analysis showed that overexpression of miR-139 resulted in a decrease in the number of CB2-positive nuclei in the hippocampus, while down-regulation of miR-139 led to an increase in the number of CB2-positive nuclei (miR-con group: 13.45 ± 2.33, miR-139 group: 5.68 ± 1.87, anti-miR-139 group: 27.98 ± 3.21, P < 0.001, Figure 3A and B). We further analyzed the CB2 protein expression in primary hippocampal cells following transfection, and found a significant decrease in the CB2 protein levels after transfection with miR-139 mimics, with a concomitant increase in the CB2 level after transfection with miR-139 inhibitors (miR-con group: 1.00 ± 0.17, miR-139 group: 0.47 ± 0.05, anti-miR-139 group: 1.87 ± 0.22, P < 0.001, Figure 3C and D).
To validate whether miR-139-mediated regulation of CB2 occurs in microglial cells, the possible target positions of the wild-type CB2 3'-UTR or mutant sequences were cloned into the pmirGLO dual-luciferase expression vector ( Figure 3E ). Next, we cotransfected primary hippocampal cells with miR-139, anti-miR-139, or control mimics, as well as either wild type or mutant recombinant CB2 plasmids. The results show that transfection with miR-139 mimics notably reduced the luciferase activities for wild type CB2, whereas transfection with anti-miR-139 mimics increased wild type luciferase activity. In contrast, the activity of the luciferase reporter gene linked to the 3'-UTR of Quantification of relative protein levels (CB2/ GAPDH) by densitometry. E. Schematic representation of the interaction of miR-139 with wild type and mutant CB2 3'-UTR. The mutant sequence was based on the wild-type plasmid with CGG instead of CUU located at the seed sequence. F. Luciferase reporter assays in primary hippocampal cells co-transfected with the wild-type 3'-UTR CB2 reporter plasmid or mutant type 3'-UTR CB2, along with miR-139, anti-miR-139, or control mimics. Data are expressed as the mean ± SD; *P < 0.05; N = 5. CB2, cannabinoid receptor type 2; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase; UTR, untranslated region. the mutant CB2 did not change in the presence of either miR-139 or anti-miR-139 mimics (miR-con group: 1.00 ± 0.12, miR-139 group: 0.64 ± 0.07, anti-miR-139 group: 1.77 ± 0.11, P < 0.001, Figure 3F ).
miR-139 decreases responses to proinflammatory stimuli
We assessed the effects of miR-139 on the inflammatory responses via stimulating primary hippocampal cells with LPS/IFNg after transfection with miR-139, anti-miR139, or control mimics. The overexpression of miR-139 resulted in the inhibition of ICAM-1 and CD40 expression following stimulation with LPS/IFNg in primary cells. However, the knockdown of miR-139 induced the expression of ICAM-1 and CD40 (ICAM-1: miR-con group: 4.51 ± 0.45, miR-139 group: 3.15 ± 0.36, anti-miR-139 group: 5.89 ± 0.47, P < 0.001; CD40: miR-con group: 1.23 ± 0.13, miR-139 group: 0.64 ± 0.08, anti-miR-139 group: 1.94 ± 0.18, P < 0.001, Figure 4A and B). In addition, cytokine release was analyzed after stimulation with LPS/IFNg. We observed significantly lower production of IL-6 and TNF-a in miR-139-overexpressing cells and higher levels of these cytokines in miR-139-low-expressing cells (IL-6: miR-con group: 7.46 ± 0.44, miR-139 group: 5.18 ± 0.22, anti-miR-139 group: 9.14 ± 0.54, P < 0.001; TNF-a: miR-con group: 2.03 ± 0.21, miR-139 group: 1.57 ± 0.13, antimiR-139 group: 2.79 ± 0.30, P < 0.001, Figure 4C and D). 
DISCUSSION
AD is one of the most common diseases in the elderly population. Previous studies have devoted a great deal of attention to protein changes that occur in AD, and their relation to pathogenesis with respect to the onset and development of AD. However, recent research suggests that miRNAs play an important role in the molecular pathogenesis of both genetic and sporadic AD (Berezin et al., 2014) . The expression profile of miRNAs in patients with AD is significantly altered compared to that in controls, and these alterations may play a direct role in regulating the expression of AD-related genes and its subsequent phenotypic manifestations (Kiko et al., 2014) .
Growing evidence suggests that miR-139 acts as a tumor suppressor during tumorigenesis, and aberrant regulation of miRNAs has been associated with various malignancies, including colorectal cancer (Shen et al., 2012) , hepatocellular carcinoma (Li et al., 2014) , gastric cancer (Bao et al., 2011) , and parathyroid malignancies (Corbetta et al., 2010) . Our study is the first to publish miRNA-139 expression profiles in the hippocampus of an AD mouse model. Abnormalities in the expression levels of miRNAs such as miR-206 and miR-34c have been shown to impair associative learning in mouse models of AD (Zovoilis et al., 2011; Lee et al., 2012) . To explore the effects of miR-139 on learning and memory, we overexpressed and inhibited the expression of miR-139 by hippocampal injection of miRNAs. Our study strongly suggests that miR-139 modulates hippocampalassociated learning and memory processes. The down-regulation of miR-139 expression improved spatial memory, novel object recognition, and long-term memory of contextual fear conditioning in the SAMP8 mouse model of AD.
To understand the mechanisms underlying the effects of miR-139 in AD, we investigated the potential targets of miR-139. Immunohistochemical analysis revealed an inverse relationship between the miR-139 and CB2 expression levels. Furthermore, luciferase reporter assays verified that miR-139 inhibits CB2 expression by directly binding to its 3'-UTR. CB2, an alternative membrane marker of activated microglial cells, is currently regarded as a critical protein which triggers multiple brain pathophysiological events involved in synaptic plasticity and neuroprotection (Chiurchiù et al., 2015) . Several lines of evidence have offered new perspectives on the possible involvement of CB2 signaling in brain and spinal cord traumatic injury, as well as in several neurodegenerative disorders, including AD (Ahmad et al., 2016; Bisogno et al., 2016) . These studies support the possibility that CB2 is part of a protective mechanism that is both acutely and chronically activated during neuropathology.
In AD, microglial cells cluster around dense core amyloid plaques (Itagaki et al., 1989) , the major neuropathological hallmark of AD, and are thought to be toxic to the surrounding neural tissue (Spires et al., 2005; Busche et al., 2008; Kuchibhotla et al., 2008; Meyer-Luehmann et al., 2009) . Microglia activated in vitro induce the expression of proinflammatory cytokines, including IL-6, IL-8, TNF-a, reactive oxygen/nitrogen species, and chemokines, all of which are known to cause neuronal damage (Van Eldik et al., 2007; Zaheer et al., 2008; Fernández et al., 2013) . Studies on brain tissue derived from patients with AD have shown that CB2 modulates hippocampal function in the context of AD pathology (Benito et al., 2003) . CB2 deficiency was shown to affect both the ability to activate microglia and the recruitment of macrophages into the brains of AD mice (Schmöle et al., 2015) . Furthermore, pharmacological studies in rodents have also suggested that CB2 plays a crucial role in AD-associated inflammatory responses (Wu et al., 2013) . The CB2-deficient microglial cells showed decreased responses to stimulation with LPS/IFNg as well as reduced expression levels of proinflammatory cell surface markers (Ehrhart et al., 2005) . Our results are consistent with previous studies demonstrating that CB2 deficiency results in reduced neuroinflammation in AD. Our data are the first to reveal that miR-139 decreases responses to proinflammatory stimuli and acts as a regulatory factor in AD pathogenesis by downregulating CB2 expression. However, miR-139 might target many other pathways contributing to the AD phenotype. Prospective studies should further evaluate the potential of miR-139 in developing multimodal drug approaches to treat patients with AD.
In summary, we elucidated the potential mechanism underlying the upregulation of CB2 in AD. We also demonstrated that the attenuation of CB2-mediated inflammatory responses is possible through the modulation of miR-139 expression. Thus, miR-139 may be a promising therapeutic target in multimodal drug approaches to treat AD progression.
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